Abstract Soil erosion and sediment yield from catchments are key limitations to achieving sustainable land use and maintaining water quality in nature. One of the important aspects in protecting the watershed is evaluation of sediment produced by statistical methods. Controlling sediment loading in protecting the watershed requires knowledge of soil erosion and sedimentation. Sediment yield is usually not available as a direct measurement but is estimated using geospatial models. One of the geospatial models for estimating sediment yield at the basin scale is sediment delivery ratio (SDR). The present study investigates the spatial SDR model in determining the sediment yield rate considering climate and physical factors of basin in geographic information system environment. This new approach was developed and tested on the Amammeh catchments in Iran. The validation of the model was evaluated using the Nash Sutcliffe efficiency coefficient. The developed model is not only conceptually easy and well suited to the local data needs but also requires less parameter, which offers less uncertainty in its application while meeting the intended purpose. The model is developed based on local data. The results predict strong variations in SDR from 0 in to 70 % in the uplands of the Basin.
Introduction
Semihumid regions are distinctive in terms of water erosion and sedimentation yield. Control sediment delivery in semihumid region required special management due to the vulnerable conditions of the area in terms of vegetation and soils (Arekhi et al. 2012a, b) . Using spatial models to determine the amount of sediment production and sediment sources is subject to many studies (Newham et al. 2004; de Vente and Poesen 2005; Garg and Jothiprakash 2012; Şen 2013) . Erosion and sedimentation yield have been studied by various researchers, but there is no clearly defined and accepted method in the literature. The amount of sediment yield in large regional basins take regular measurement in the outlet of the basins and subcatchments are gauged sparsely. Hence, geospatial models can provide quantitative information about the erosion of the region at this scale (Gibson et al. 1993; Wasson 1994; Aksoy and Kavvas 2005; de Vente and Poesen 2005) . According to measurement of hill slope plots observation, sediment yields from sub-basin usually have lower volume than soil erosion rates (Gibson et al. 1993; Wasson 1994; Aksoy and Kavvas 2005) . This infers that major parts of sediment transfers just a short distance and is trapped in the sub-basin (Parsons and Stromberg 1998) . The Universal Soil Loss Equation is used to determine gross soil erosion rates on a plot scale (Wischmeier and Smith 1978; Lufafa et al. 2003; Lee 2004; Cohen et al. 2005; Bhattarai and Dutta 2007 ). An erosion rate estimated by these models is usually overestimated at the basin outlets (Cohen et al. 2005; Chou 2010; Jain and Das 2010) . Therefore, the sediment delivery ratio (SDR) model was applied to diminish this effect. SDR is a fraction of upland gross erosion that is transported from a defined area. It is defined as an index of sediment transport efficiency and calculated as follows (Walling 1983; Richards 1993 
Equation (1) is appropriate when it is applied for the average annual sediment yield per unit area from the hill slope rill and sheet erosion due to the efficiency of SDR for upstream gross erosion. The main factors such as topography, rainfall, soil, vegetation, and their intricate interactions has impact on the SDR manner (Walling 1983; Richards 1993) . These complex interactions make it difficult to classify the main control on basin sediment reaction and basin-to-basin variability. Consequently, regionalization SDR methods remain mainly empirical. A general empirical method to compute SDR is:
where, A=basin area (in square kilometer) and α and β=empirical parameters (Maner 1958; Roehl 1962) .
The scale of exponent β includes the main physical data of sediment and rainfall-runoff processes. In fact, SDR should be calculated based on climate, soil, topography, vegetation cover, and land use rather than the drainage area. Equation (2) only relates SDR to the drainage area; having no relation to other physiographic and climatic factors, it has restricted efficiency in spatially distributed models. Although some other empirical methods on SDR and its interaction to physiographic parameters have been studied (Khanbilvardi and Rogowski 1984) , the data that investigate these relationships are partial and local. The conventional SDR methods often require various data. They usually require long periods of sediment yield record at gauging station and reasonable estimation of erosion rate on hill slope. Conversely, in large basins, enough consistent records of sediment yield are needed to analyze SDR. Other methods were developed to estimate sediment delivery ratio, which reduce the necessitated data for a lumped SDR (Morgan et al. 1998; Van Rompaet et al. 2001) . Though those methods enhance physical perceptive of sediment transport processes, they need high-resolution digital elevation models (DEMs) to route the sediment transport. In addition, they depend on runoff records or detailed sediment transport process for calibrating the characters like sediment transport capacity coefficient. This study presents sediment yield assessment at the basin scale using SDR over the whole area of the Amammeh catchment. Estimation of hill slope erosion rate was assumed by two lumped storage. The first store is hill slope transfer to the adjacent stream and the second store is sediment transport along the channel network. The relation between long-term averaged and peak value during the effective rainfall is used to develop the theory on sediment delivery scaling (Lu et al. 2006) . Six pluviograph stations within and around the basin is chosen to calculate the regional average rainfall intensity and effective duration . The travel time of the flow is multiplied by a factor which is the demonstrator of the particle size. The model was carried out in the Amammeh basin using spatial data such as topographical feature, land use properties, and soil and vegetation cover by using geographic information system (GIS).
Relationship between catchment peak discharge reaction and SDR
In general, the evidence suggested that sediment delivery ratio diminishes when the catchment area is increased (Roehl 1962) . The average peak discharge response is shown by dashed lines in Fig. 1 . The ratio of runoff which is measured at the catchment outlet and average rainfall in flood events duration is applied as a scaling factor of average flood discharge (Robinson and Sivapalan 1997 ) is calculated as follows:
where, E(S) is the average flow response, t r is the duration of rainfall excess (rainfall minus infiltration), and t c is the time to concentration of overland flow in basin (Robinson and Sivapalan 1997) . The simple, two-parameter function was presented by Robinson and Sivapalan (1997) by conducting a survey on the physical causes and scaling the regional flood frequency. In their investigation, the excess rainfall duration was considered as random factor and supposed to have an exponential distribution with a mean value of t r . The t c is commonly Fig. 1 SDRs resulted from gross erosion records and sediment yield (Roehl 1962) . E(S) figured out peak discharge response and average SDRs for diverse value of average rainfall during t r . The solid line shows the trend of SDR (data driven from Roehl (1962)) expressed as a function of basin size A of the form:
where t c is in hours and A is in square kilometers. a and θ are the equation coefficients, which are calculated based on rainfall and runoff. In Fig. 1 , the parameters a and θ are assumed to be 1 and 0.4, respectively. The t c is asserted as a function of basin size A which have the form of: T c =a A θ where A is applied in square kilometers and t c is used in hours.
Study area
The Amammeh basin is one of the sub-basins of the Jajrud watershed, which is located 48 km northeast of Tehran province. The study area lies between north latitudes 35°51′ 45.39″ and 35°57′ 01.14″, and east longitudes 51°32′ 32.49″ and 51°38′ 34.71″ (Fig. 2) . It covers an area of 37.2 km 2 . The climate character of the area is semihumid. The average annual rainfall in the area is 720 mm. The maximum and minimum elevations of the watershed are 3,868 and 1,900 m above mean sea level, respectively. Topographically, the upland catchment includes Alborz Mountains and steep cliffs and colluvial hills are mostly situated in the northeast of the catchment. Dry land grazing, open forestry, and agroforestry are the main land use types in the basin. The stream network has shown signs of environmental pressure such as salinity, decreasing in water quality and quantity, sedimentation, and reduction of fish species.
Methodology
The main purpose of this paper is to expand a model which estimates the spatial SDR in a large basin. Sediment delivery processes and storm characteristics are the key elements of the presented model. The investigations of Sivapalan et al. (2002) on the regional flood frequency indicate that the relationship between rainfall duration and the reaction of the basins has a main role in the regional flood frequently calculations. The reactions of the basin to time base on the basin area rely on hill slope reaction, channel hydraulic reaction, and the type of geomorphology of the network. A GIS diagram implementing the methodology, steps, and procedure of the SDR model is shown in Fig. 3. A two-storage sediment transport model
The model is composed of two parts: sediment routing on slope and sediment carrying in the mainstream network. The arrangement of model component is shown in Fig. 4 . The hill slope storage provided sediment load by soil erosion at an amount e [mass/area/time] during an effective rainfall (t er ) in which soil erosion only occurred at this time. The hill slope confines portion of the sediment and conveys the rest to the channel storage, which is situated downstream at a range of y h [mass/area/time]. y h is implicated as a linear function of the amount of eroded soil in the hill slope [in percent], and signified by S h [mass/area]. y h is assumed to be an areaspecific sediment from channel storage which has a linear function in stream network, indicated by S n [mass/area] (Fig. 4) . The route of sediment in the two storages can be shown in a continuity equation as follows:
where, the average hill slope residence time is denoted by t h and the average channel residence time is denoted by t n . For simplicity, the amount of upland erosion is supposed to be constant through t er and by using analytical method, Eqs. (4a) and (4b) can be resolved. The concluding form for relation between the peak sediment yield (yp) and erosion rate (e) can be expressed as follows:
SDR is supposedly the ratio between yp and e in the singleevent storm. Multiple area-specific sediment yield by the catchment area can be given the peak sediment yield. Equations (4a), (4b), and (5) were first applied in measuring the effects of regional flood frequency in various climatologic and physiographic of basins (Sivapalan et al. 2002) . The incorporation of the basin physical characteristic would cause variation in the time terms t n , t h , and t er in Eq. (5). Hence, spatial distributed model of SDR would be estimated by Eq. (5) on the condition that the time factord t n , t h , and t er are discriminated spatially. The mentioned models were derived from a single storm. The investigation of multiple storms is indicated by modified flood frequency method (Eagleson 1972; Robinson and Sivapalan 1997) . For simplicity, t er is denoted as a random character and t n and t h are indicated as average variables of the basin. Identifying the probability distribution of effective storm duration is leading us to estimate the probability distribution of SDR.
Effect of particle size
The size and the travel time of water particles can be applied at the sediment resident time. The travel time of water particles can be determined by rainfall intensity, roughness, and local slope. Calculate the sediment delivery ratio (SDR) Fig. 3 Flow chart for the calculation of SDR model using GIS Clay particles, due to their relatively small settling velocity, at the majority of time stay suspended and their paths of travel are different compared to the paths of water flow. Silt particles, which are distinguished by a somewhat large settling velocity, are moved by water flow through high-speed flow and settles at the bed through slow flow. Sand particles which are characterized by their large size, settle close to the soil bed by the slow flow velocity. The various routes of particles in the water are determined as in the following functions:
Rainfall duration and intensity
where, t n (d) and t h (d) indicated the network and hill slope residence time of each particle size by diameter d, correspondingly, and t n0 and t h0 are the network and hill slope travel times for water particle. F n (d) and F h (d) are the enlargement function which described the effect of particle size. The expressions of function for F n (d) and F h (d) can be written as follows:
where, γ n and γ h indicates variable related to water depth inversely. In total, γ n is smaller than γ h because the depth of flow in the main stream is in the range of meters and in the overland flow is in the range of centimeters. W t (d) reveals the settling velocity of particles size (d). The calculation of W t (d) is shown as:
where, ρ p is the particle density; ρ is the water density, g and is the gravity acceleration. Re p =w t d/v is the particle Reynolds number at the settling velocity and C D (Re p ) specifies the drag coefficient (Durst et al. 1984) :
As a final point, SDRs are considered for every particle size, and total spatial SDR is derived by the weighted particle size distribution as follow:
where, SDR i is the SDR of the particle size group i, and W i is the accumulative percentage, and N denotes the total number of particle groups. Particle size was measured using sampling of 77 points on the field (Fig. 2) . In this study, three main classes of investigated particle size are sand (50≤d≤1000 mm), silt (4≤d≤50 mm), and clay (d≤4 mm; Lu et al. 2006) . 
Intensity and effective rainfall duration
Rainfall characteristic is variable in time and space and have close interrelationship with each other which resulted in sediment process and its route. The ascertainment of temporal variableness of rainfall intensity can lead to acquisition of the way to estimate the spatial variableness of sediment delivery ratio. Six pluviograph rainfall records with 1-min intervals were applied which is verified by the Ministry of Niroo of Iran. The rainfall data were analyzed in two sections: (1) fitness of a suitable probability distribution function by analysis of rainfall records statistically for effective rainfall interval and a maximum of 30-min rainfall intensity, and (2) regionalize the effectual factor of the fitting probability distribution function during maximum rainfall intensity. According to analysis, the exponential probability distributions are fitted appropriately with rainfall records. The storm events with depth of equal to or more than 12.7 applied to estimate the average rate of duration and a maximum of 30-min rainfall intensity. This depth of rainfall is selected in order to carry out the the analysis of the effective rainfall intensity and duration based on the studies of Lu et al. (2003) .
Execution by GIS
GIS application is used through the steps of this study. First, the basic unit that the SDR method is to be executed was identified spatially. It is followed by defining the stream network (Fig. 5 ) of the Amammeh basin from the DEM of Tehran province by Arc GIS 9.3 version with a threshold area of 400 m 2 . The related area with each stream of network was defined as a basin spatial unit in the model and the minimum area is 2 . Subsequently, the average t h0 and t n0 approximated using slope function, soil characteristic, and roughness of surface in each spatial unit. The t h0 is calculated by figuring all the travel times of flow route on the hill slope and followed by computing the average of the total number of hill slope spatial unit. The combination of kinematics wave equation with Manning's approximation is applied for estimation of overland flow velocity for the upstream unit cell (Overton and Meadows 1976) :
where, n is the coefficient of roughness, L is the distance through the flow path in meter, s is the degree of slope, and i e is the rainfall Fig. 9 Estimated sediment delivery ratio for a clay, b silt, and c sand particles in the Amammeh basin intensity rate (in millimeter per second). The following expression can be written for steady-state approximation as:
where, the average rainfall period is shown by t r . The spatial distributed t r is derived by the model which was explained in the studies of Lu et al. (2003b) . Though the purpose of Eq. (11) is for calculating overland velocity, i e is computed for each spatial unit. Equation (11) is suitable for hill slope lengths smaller than 90 m (SCS 1983) . The average depth of rainfall is denoted as P e and the applied equation P e is:
where, S is the storage expression in millimeter acquired by the equation of:
where, curve number (CN) is acquired from standard charts for various vegetation cover and land use (Fig. 6 ), hydrological soil group (Fig. 7) . The hydrological soil group (Mishra and Singh 2003) indicates the potential of soil to generate surface runoff. The spatial storage of units was obtained based on Eq. (14) using spatially distributed CN map. The accumulated depth of rainfall intensity from the start of the storm is calculated using Eq. (13). In view of the fact, the suitable available DEM for the study area has approximately 250 m; the hill slope condition in spatial model is not signified appropriately. The prediction system applied to produce the slope and length of hill slope was according to the measurements of the slope and length of the hill slope from DEMs with high resolution. The description of the system is explained by Gallant (2001) . Afterward, at maximum length of 90 m, the runoff becomes thinly concentrated on overland flow and the average velocity of runoff was calculated according the following formula (SCS 1983) :
This equation is according to Manning's roughness coefficient with the assumption of n=0.08 and it presumes the bed of stream is unpaved, and hydraulic radius is equal 0.1 m. The weighted average velocity in the spatial model for hill slope length larger than 90 m is estimated by:
The travel time of the network stream was estimated according to the SCS equation of flow velocity (Haan et al. 1994) :
where, s indicates slope (in meter per meter), a denoted a roughness coefficient of stream, and V n0 is the velocity of flow in stream. Table 1 shows the value of a.
For each grid cell, travel time is calculated as follows:
where, V is the velocity derived by Eqs. (16) or (17) and D is the distance throughout the grid (in meter). In orthogonal runoff through the grid, the flow length equals to the grid width; on the other hand, in diagonal runoff is equal to ffiffi ffi 2 p D (Lu et al. 2006) .
Results and discussion
The amount of spatial SDR is calculated in various timescales of t h , t n , and t er using Eq. (5). The presented results in Fig. 8 are illustrated as group of curves related SDR to t n for various rate of t h and t er . The results indicated that the SDR has constant value for the small rates of t n , whereas the SDR value declined linearly by rising the rate of t n .
The impact of t h is to smoothen and lessen the amount of SDR with no varying in the scaling exponents with consideration to t n . Sivapalan et al. (2002) claimed that Eq. (5) can explain the power rule relationship between basin area and overland flow reaction and also changing in hydrological processes can affect the scaling exponent value. In the same way, the presented customized version can be applied to describe the SDR against area relations. The t n is stated as Fig. 10 Overall SDR estimation in the study area a function of basin's size in form of power rule relation, that α stays between 0.1 and 0.5 (Pilgrim 1987) . Despite the fact that the SDR indicate the linear trends for all basins size by referring to Eqs. (4a) and (4b) and its solution Eq. (5), alteration of hydrological processes is observed variation in scaling exponent. In undersized basin, duration of effective rainfall is calculated to the time of concentration of basin and as a result the sediment transport rate becomes constant rate while all the whole catchment is causative to the sediment yield. It was assumed that the sediment yield rises linearly with basin area's size with the exponent at unity. In other words, in large basin, the duration of effective rainfall is smaller than the time of basin concentration. The ratio of the effective rainfall time to basin's time of concentration is indicated the contribution of basin area to generate the sediment yield. This ratio declines in the range of A −θ by increasing the size of the basin area. The fractional area contributed in sediment yield raises in the amount of A 1−θ which is compatible by major observation (Walling 1983; Richards 1993) . In a prescribed basin area, the heterogeneity of basin characteristic such as slope, soil properties, and rainfall caused up to two sizes of measurement for SDR variation. Figure 9 illustrates the derived SDR for sand, silt, and clay particle size of grain. It indicates that SDR increases instantly from the sand particle group to the clay size particle group. The maps show that the movement of sand particle is tend to zero, signifying few eroded sand particle can attain to the outlets of basins. The overall SDR computed by weighted average by the three particle size groups is demonstrated in Fig. 10 . The figures indicate that by starting the carrying of sediment; it tends to transport eroded particles far away from the initial sources. In the Amammeh basin, from the hill slope to stream network of the catchment, the amount of SDR is varied and major parts of sediment are trapped in upland area. The upstream sub-basin confined the major parts of the eroded soil of the hill slope. The derived SDR map were utilized for quantitative approximation of stream sediment yields across the Amammeh basin with other inputs to explain for other erosion types such as stream bank and gully erosion (DeRose et al. 2003) .
Conclusion
In this article, a theory on spatial sediment delivery ratio was proposed across the Amammeh basin. This spatial model indicates that sediment delivery is related to temporal hydrologic events in a basin. In every source area, SDR characteristic is linked to duration of typical rainfall which is the initial driving force for sediment transport, the travel time which conveyed the eroded particles from the upland and transferred to stream network, and finally to the basin outlets.
The SDR model provides the quantitative estimation for modeling the climate pattern and other physical parameters of basin as nonlinear effects which has impact on distribution of sediment delivery on basin. The simple analytical form of the model can be carried out in a GIS environment. Utilizing the model of the Amammeh basin showed that sediment yield and sediment delivery ratio is low in major parts of the catchment, excluding the upland of the basin. It also indicates that combination of various effects of duration and intensity of rainfall and topography and soil made the routing ineffectual. On the other hand, the sediment transport system can be efficient at sub-basins, especially in hill slope area of the Amammeh and merely approximately 5 % of rill and sheet erosion are transferred out from sub-basin into the channels. The spatial distributed calculation of SDR has significant consequences not only for the offsite study of environment because of sediment excretion, but also for onsite erosion reduction. In addition, recognizing the regions which have more potential to erosion and sediment delivery has economic benefit. In other words, the spatial distributed SDR maps contribute to develop the cost-effective erosion control programs.
